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A method  for  assessing  the  wall  interference  in  transonic  two-dimensional 
wind  tunnel  tests  including  the  effects  of  the  tunnel  sidewall  boundary  layer 
has  been  developed  and  implemented in  a  computer  program  named  TWINTN4.  The 
method  involves  three  successive  solutions  of  the  transonic  small  disturbance 
potential  equation  to  define  the  wind  tunnel flow,  the  equivalent  free  air  flow 
around  the  model,  and  the  perturbation  attributable  to  the  model.  Required 
input  includes  pressure  distributions on the  model  and  along  the  top  and  bottom 
tunnel  walls  which  are  used  as  boundary  conditions  for  the  wind  tunnel  flow. 
The  wall-induced  perturbation  field  is  determined as the  difference  between  the 
perturbation  in  the  tunnel  flow  solution  and  the  perturbation  attributable to 
the  model.  The  methodology  used  in  the  program  is  described  and  detailed 
descriptions of the  computer  program  input  and  output are presented.  Input  and 
output  for  a  sample  case  are  given  in an appendix. 
INTRODUCTION 
A  transonic  computation  procedure  for  assessing  the  wall  interference on an 
airfoil  section  tested in  a two-dimensional  wind  tunnel  was  outlined  in 
reference 1 and  described  and  demonstrated  in  reference 2. Reference 3 i s  a 
user’s  guide  to  the  computer  program  TWINTAN  in  which  this  procedure  is 
implemented.  Measured  pressure  distributions on the  upper  and  lower  tunnel 
walls  and on the  airfoil  model  are  used  as  input  and  the  procedure  calculates 
velocity  perturbations  over  the  model  due  to  interference  of  the  upper  and  lower 
walls  under  the  assumption  that  the  tunnel  flow  is  two-dimensional. 
Barnwell  showed  in  reference 4 that  the  three-dimensional  distortion  caused 
by  interaction  between  the  pressure  field  around  the  airfoil  and  the  thickness 
perturbations  of  the  boundary  layers on the  tunnel  side  walls  was  equivalent, 
under  the  Prandtl-Glauert  similarity  rule,  to  a  reduction  in  Mach  number  of  a 
two-dimensional  flow.  Sewall  in  reference 5 reformulated  the  sidewall  boundary 
layer  effects  using  the  Von  Karman  transonic  similarity  rule  and  showed  that  his 
formulation  was  capable  of  correlating  experimental  data  obtained  with  various 
artificially  thickened  sidewall  boundary  layers. 
The  study  of  reference 6 identified  two  alternative  procedures  for 
combining  the  Sewall  method  of  correcting  for  the  sidewall  boundary  layer 
effects  with  the  TWINTAN  method  of  assessing  the  interference  arising  from  the 
upper  and  lower  walls. In the  sequential  procedure,  the  Sewall  method  is  used 
first  to  define  a  transformed flow  free of  sidewall  boundary  layer  effects  which 
is then  assessed  by  the  TWINTAN  method  to  quantify  the  upper  and  lower  wall 
effects.  In  the  unified  procedure,  the  existence of sidewall  boundary  layer 
effects  is  recognized  in a altered  governing  equation  used in the  solution  of 
the  wind  tunnel flow so that  the  assessment  procedure  quantifies  the 
interference  effects  from  all  four  walls  at  once. A revised  version  of  the 
TWINTAN  computer  program,  capable  of  performing  the  combined  four-wall 
interference  assessment  by  either of the  two  procedures,  has  been  developed  and 
is  named  TWINTN4.  The  present  paper  provides  documentation  to  aid  the  user  of 
the  TWINTN4  program.  This  paper  presents  the  methodology  used in  the  program 
and  a  detailed  description  of  the  input  required  and  output  provided  by  the 
program.  The  input  data  is  summarized in  Appendix  A  and  input  and  output  for  a 
sample  case  are  given  in  Appendix B. 
One  significant  difference  between  the  two  programs  should  be  noted.  In 
the  TWINTAN  program,  the  Mach  number  correction  was  determined  from  the  local 
wall-induced  velocity  perturbation  at  a  user-specified  match  point  location. 
TWINTN4  does  not  use  a  match  point.  Instead,  the  corrected  Mach  number  and 
angle  of  attack  result  from  minimization  of  the  mean  square  difference  between 
the  surface  velocity  over  the  airfoil in the  tunnel  and  that  over  the  same  shape 
airfoil  at  the  same  lift  in  free  air.  In  effect,  this  procedure  is  the  same as 
that  suggested  by  Murman  in  reference 7. In  TWINTN4,  however, the  minimization 
process  is  imbedded  in  and  performed  simultaneously  with  the  relaxation  of  the 
potential  solution  for  the  free  air  case.  Thus,  the  free  air  pressure 
distribution  which  best  matches  that  in  the  tunnel  is  found  with  little 
additional  computation  time. 
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coefficients  in  line  relaxation  algorithm 
half  width  of  tunnel 
airfoil  chord 
section  lift  coefficient 
transformation  derivative  in  longitudinal  direction 
transformation  derivative  in  transverse  direction 
nominal  shape  factor  of  sidewall  boundary  layer 
longitudinal  grid  index,  also  longitudinal  computational  coordinate 
transverse  grid index,  also  transverse  computational  coordinate 
Mach  number 
stretching  parameter in coordinate  transformation 
quantities  in  the  finite  difference  form  of  the  governing  equation 
dynamic  pressure 
distance  along  airfoil  surface 
term  containing  sidewall  boundary  layer  properties 
longitudinal  velocity  of  uniform flow 
resultant  velocity 
longitudinal  physical  coordinate 
transverse  physical  coordinate 
general  physical  coordinate 
angle  of  attack 
circulation 
ratio of  specific  heats 
prefix  denoting an increment 
scaling  parameter  in  coordinate  transformation 
nominal  displacement  thickness of sidewall  boundary  layer 
general  computational  coordinate 
coefficient  of  longitudinal  term  in  governing  equation 
switching  parameter  in  finite  difference  formulation  of  the  governing 
equation 
total  velocity  potential 
dimensionless  perturbation  velocity  potential 
Subscripts: 
X,Y denote partial differentiation with respect to x or y 
j ,k denote value at j-th or k-th grid line 
R reference condition in transformed tunnel flow 
T wind  tunnel  reference  onditions 
m corrected  far  field  conditions 
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METHODOLOGY 
Wall  Interference  Assessment  Procedure 
The  procedure  implemented in program TWINTN4 involves  three  successive 
finite-difference  transonic flow solutions. To allow  comparison  betwen 
solutions  with  different  values  of  the  far  field  velocity Urn a  dimensionless 
perturbation  potential @ is  defined  relative  to  the  total  dimensional  velocity 
potential 0 by the relation 
where UR is  the  velocity  corresponding  to  the  reference  Mach  number.  This 
perturbation  potential  is  governed  by an extended  form  of  the  transonic  small 
disturbance  equation  expressed  as 
where 
The  tunnel  sidewall  boundary  layer  effects  are  introduced  through  the  term S 
as  discussed  in  the  section  headed  "Sidewall  Boundary  layer".  The  higher  order 
term in +x is included  to  improve  the  equivalence  between  changes  in d), and 
U,. The  first  solution  is  a  calculation  of  the  flow  around  the  test  airfoil  in 
the  wind  tunnel.  For  this  solution U, is  set  equal  to UR. Pressure 
distributions  measured  during  the  test  to  be  assessed,  both on the  airfoil  and 
at the  upper  and  lower  walls,  are  imposed as boundary  conditions  to  enhance  the 
fidelity  of  reproduction  of  the  actual  tunnel  flow.  The  assumptions  and 
inaccuracies  usually  encountered  in  modeling  the  ventilated  walls  and  the 
remaining  tunnel  geometry  are  thereby  avoided.  The  airfoil  shape  defined  by 
this  solution  is  equivalent  to  the  displacement  effect  of  the  model  plus  upper 
and  lower  surface  boundary  layers. 
The  second  solution  is  a  calculation  of  the  free-air  flow  around  this 
equivalent  airfoil  shape. As this  solution  relaxes  toward  convergence,  the 
angle  of  attack  correction  is  updated  to  satisfy  the  Kutta  condition  for  a  lift 
corresponding  to  that in the  tunnel  flow,  and  the  far  field  velocity  and  Mach 
number  are  updated  according  to an optimization  algorithm  which  seeks  to  match 
the  airfoil  pressure  distribution  in  free  air as  closely  as  possible  to  that in 
the  tunnel  flow.  Upon convergence,  the  correction  to  angle of attack  and  the 
corrected  Mach  number  are  immediately  available.  The  measured  airfoil  pressure 
coefficients  and  lift  coefficient  can  now  be  adjusted  to  the new ref rence  Mach 
number  and  the  calculated  pressure  distribution  in  free  air  is  available  for 
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comparison.  Differences  between  the  two  pressure  distributions are  attributable 
to  higher  order  interference  effects  (nonuniformity  of  the  wall-induced  velocity 
field).  If  these differences  are  judged  small  enough  to  have   negligible 
effect  on  the  airfoil  boundary  layer  properties,  the  free  air  pressure 
distribution  can  be  considered  to  be  fully  corrected  for  wall  interference. 
The  third  solution  is  another  free-air  solution  at  the  corrected  far  field 
Mach  number  and  is  performed  to  define  the flow perturbation  attributable  to  the 
model.  The  wall-induced  perturbation  field  is  then  determined as the  difference 
between  the  model  perturbation  and  the  total  perturbation  defined  by  the  tunnel 
flow solution.  For  this  purpose,  the  model  boundary  conditions  €or  the  third 
solution  are  imposed  in  the  form  of  singularity  distributions  extracted  from  the 
tunnel flow solution.  With  this  model  specification  the  airfoil  camber  shape  is 
free  to  be  distorted  in  response  to  removal  of  the  wall-induced  velocity  field. 
Some  features  of  the  method  are  described in more  detail in the  following 
sections to  aid  the  user  in  adapting  the  program  to a specific  facility as well 
as  in  making  refinements. 
Sidewall  Boundary  Layer 
At the  option  of  the user, either a  sequential  or  a  unified  procedure  (see 
reference 6 )  is  used  to  account  for  the  sidewall  boundary  layer.  With  either 
option, the  sidewall  boundary  layer  effects  are  embodied  in  the  term S which 
appears  as  an  increment  in  the  coefficient  of  the  longitudinal  term  in  the 
governing  equation ( 2 ) .  This  term  is  evaluated  initially as 
s = +  2 "  ( 2 + "  : 5 c 2 )  
The  sequential  procedure  uses  the  similarity  rule  developed  by  Sewall 
(reference 5) to  define an equivalent  two-dimensional  tunnel  flow.  The 
transformed  reference  Mach  number % is found  by  solving 
and  all  input  pressure  coefficients  and  lift  and  drag  coefficients  are  then 
transformed  by  multiplying  them  by 
The  value  of S is  then  set  to  zero  for  all of the finite  difference  solutions. 
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Under  the  unified  procedure,  no  similarity  transformation is  made;  instead, 
the  sidewall  boundary  layer  effects  are  entered  into  the  governing  equation  used 
for  the  tunnel flow  solution  through  the  modifying  term S, and  the  reference 
Mach  number % is set  equal  to MT. The  value  of S is  then  set  to  zero  only 
for  the  subsequent  free-air  flow  solutions. 
Governing  Equation 
For  the  numerical  solutions,  the  governing  equation (2 )  is expressed  by a 
conservative  form  finite  difference  approximation  described  by  the  following 
expressions: 
r 7 
A. = 1-M  2+S-(v+l)M -- J m m2:R Q j  ( 
f j =(a) dx j 
alkl 
gk = [ dy )k 
In  defining  the  transformation  derivatives f and g, the  quantities j and 
k  each  serve  the  dual  role  of  computational  variable  and  grid  index  because  the 
transformation  is  scaled so that  the  mesh  size  is  one  unit  of  the  computational 
variable.  The  first  derivatives  of @ appearing  in  the  preceding  expressions 
are  all formed  by  single  mesh  differencing;  for  example: 
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In the  following  discussion,  points  in  the  lower  half  plane  will  be 
identified  by  a  negative  sign on the k index.  Accordingly,  g-k = 'gk' 
The  governing  equation  is  arranged in the  tridiagonal  form 
%'j,k-1 + Bk'j,k + 'k'j,k+l = Dk 
along j = constant  lines  and  is  solved  by  the  method  of  successive  line 
overrelaxation  subject  to  boundary  conditions  imposed in Dirichlet  form  at  the 
outer  boundary  and  in  various  forms  at  the  airfoil.  The  development  of  these 
boundary  conditions for.the three flow  computations is  described  in  subsequent 
sections.  The  implicit  algorithm  used  to  solve  equation (3) along  each  line  is 
based on the  recursive  relationship 
where the coefficients B' and D' are defined by 
Dk - C D' 
D'k Bi $ -C. B" 
- k k+l 
k k+l 
-4. - K 
B'k Bk + CkB'k+l 
and  are  calculated  recursively  starting  with  the  outer  boundary  conditions  and 
proceeding  inward  to k = '2. 
Because  of  the  symmetric  grid  indexing  used,  the k = 1 grid  line is 
treated  numerically  as  a  boundary  along  its  entire  length. At  points  ahead  of 
the  airfoil  and in the  wake,  the  boundary  condition is derived  from  the 
governing  equation.  In  the  wake,  the  potential  jump  relation 
is used  along  with  equation ( 4 )  applied  at k = +2 to  write  equation (3) at 
k = 1 and  obtain  the  solution 
B +C  (B'2+B',2) 1 1  
Equations (5) and ( 4 )  are  then  used  to  complete  the  line  solution.  The  same 
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procedure,  but  with r = 0 ,  is  used  ahead  of  the  airfoil. 
Boundary  Conditions  for  Tunnel  Flow  Computation 
All  input  pressure  coefficients are interpolated  onto  the  appropriate 
longitudinal  mesh  center  points,  converted  to  the  form  of  velocity  magnitude 
squared  using  the  exact  pressure  coefficient  definition,  and  stored in this 
form.  The  boundary  conditions  for  the  tunnel flow  computation  are  derived 
primarily  from  these  data. 
On the  longitudinal  outer  boundaries  at k = +  KW, values  of  are  found 
from 
v2 + (1+4 )2 +$ 
X Y 
and  integrated  to  determine  the  boundary  values  of 4. Values  of 4 are 
assumed  initially  to  be  zero  and  then are updated  iteratively.  The 'Ox 
gradients  approaching  the  ends  of  the  upper  and  lower  boundaries  are  used  with 
the  governing  equation (2 )  to  find 4 at  each  boundary  corner.  At  the  two YY 
upstream  corners, 4 is  specified  by  input  quantities.  The  variation  of 4 
on the  upstream  boundary  is  described as  a  fourth  degree  polynomial  in  y  whose 
coefficients are determined from the values of 4 and 9 noted above and 
the  assumption  that 4 = 0 at  the  lower  upstream  corner. On the  downstream 
boundary, $ is  defined  as  a  cubic  in  y  with  the  term r / 2  sgn  y added  to 
provide  the  needed  potential  jump  across  the  wake.  The  four  coefficients  are 





The  airfoil  boundary  conditions  are  imposed in Dirichlet  form on a  slit  at 
y = 0 rather  than on the  airfoil  surface. It is  not  appropriate  to  require 
that  the  airfoil  surface  velocities  be  reproduced on the  slit. Instead, we 
require  that  the  longitudinal  distribution  of  velocity  potential on the  airfoil 
surface  be  reproduced on the  slit.  Thus, 
)V$ dx = (l+$x)dx i 
where V is  the  airfoil  surface  velocity  determined  from  the  pressure 
coefficients  and  ds  is  the  element  of  surface  arc  length.  The  present  program 
calculates by  equating  the  integrands of equation (8) using  the 
approximation +X 
- = (l+OY2) ds % dx 
8 
in  which @ is calculated  at  the  slit  and  is  updated  iteratively.  This 
procedure  may  be  recognized  as n adaptation  of  the  Riegels  rule. 
Y 
The  approximations  inherent  in  the  above  procedure  are  unacceptable  at  a 
blunt  leading  edge,  therefore  equation (8 )  is  used  to  determine 9, for  only 
those  mesh  intervals  downstream  of  the  leading  edge.  In  the  mesh  interval 
bracketing  the  leading  edge,  upper  and  lower  surface  values  of @ are 
determined  such  that  two  broad  constraints  are  satisfied.  The  first  requires 
that  the  total  circulation  determined  by  integrating  A$x  over  the  entire 
airfoil  chord  must  correspond  to  the  prescribed  lift  coefficient.  The 
circulation  error  is  corrected  directly b  adjusting  the A$x  in  the  leading 
edge  interval.  The  second  constraint  is  the  airfoil  thickness  closure  condition 
which  requires  that  the  net  source  strength  determined  by  integrating A$y over 
the  entire  airfoil  chord  must  correspond  to  the  prescribed  drag  coefficient. 
This  constraint  is  implemented  by  allowing  the  error  in  net  source  strength  to 
control  the  average  value  of (bx in the  leading  edge  interval.  The  direct 
effect  of  negative $x at  the  leading  edge  is  to  depress  the  value of 9 at 
the  first  grid  point  behind  the  leading  edge,  thereby  creating  source  strength 
at  this  point. As a  secondary  effect,  however,  added  source  strength  is  created 
over  the  entire  chord  with  a  distribution  such  that  the 0, boundary  conditions 
are  still  satisfied  in  each  mesh  interval.  The  existence  of  such  a  source 
distribution  which  has  no  effect  on (bx anywhere  on  the  chord  line  causes  the 
thickness  design  problem  to  be  ill  posed  without  a  specific  constraint on 
thickness  closure.  The  role  of  the  thickness  closure  constraint  in  the  airfoil 
thickness  design  problem  is  analogous  to  the  role of the  Kutta  condition  in  the 
airfoil  lift  analysis  problem. 
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Solution  Process  for  Equivalent  Free-Air  Flow  Computation 
In  the  equivalent  free-air  computation,  the  equivalent  airfoil  shape 
determined  by  the  tunnel  flow  solution  is  placed  in  a  free-air  environment  at  an 
angle of attack  and  Mach  number  such  that  the  lift  is  identical  with  that  in  the 
tunnel  and  the  distribution  over  the  airfoil  surface  of  total  velocity  magnitude 
is  a  best  fit  to  that  in  the  tunnel.  The  free-air  environment  is  established  by 
using  outer  boundary  conditions  calculated  from  a  far  field  analytic  expression 
which  includes  the  two-dimensional  lift  and  thickness  terms  given  in  reference 8 
and an additional  tern  representing  the  far  field  influence  of  the  net  source 
strength  at  the  airfoil. 
The  airfoil  shape  is  defined  by  values  of  evaluated  at  grid  points on 
$Y 
the  slit  representing  the  airfoil.  These  values  may  be  expressed  in  terms  of 
Q at  surrounding  grid  points  by  using  a equal  to -A@xx. Using  the 
tridiagonal  coefficients  of  equation ( 3 ) ,  the  results  can  be  written 
@ YY 
The  values  of  evaluated  by  these  expressions  from  the  tunnel  flow  solution 
are  combined  with an angle  of  attack  correction Aa and  imposed as the  airfoil 
boundary  condition  for  the  equivalent  free-air  computation in the  following  form 
+Y 
D,~-cD' +2 7 a [ ($,Ij ,1 - Aa] 
- 
'j , +I B*1+'B' &2 (10) 
where  the  upper  and  lower  signs  refer  to  the  airfoil  upper  and  lower surfaces, 
respectively. At  each relaxation  step  of  the  potential  solution,  the  value  of 
Aa is  adjusted  to  drive  the  potential  jump  at  the  trailing  edge  toward 
agreement  with  the  specified  circulation r which  is  imposed as the  potential 
jump  across  the  wake. 
At certain  relaxation  steps,  the  far  field  velocity  ratio  defined  as 
is  updated  in  accordance  with  the  following  algorithm in which  the  superscript 
i designates  the  relaxation  step  just  completed. 
'r 
i+l i i 
uf = Uf + AUf 
AUf = AUf i 




In  this  process,  the  airfoil  surface  velocity  magnitude V is  evaluated  at  each 
mesh  interval  on  the  airfoil  slit  and  the  error  function EU is  formed  as  the 
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root  mean  square  difference  between  the  squares  of  this  velocity  distribution 
and  that on which  the  airfoil  boundary  condition  in  the  tunnel  flow  was  based 
(see  equation (8)). The  interval Ai is  the  number  of  iteration  steps  since 
the  last  previous  Uf  update  and  depends on the  state  of  relaxation  convergence 
but  in  no  case is less  than  five. 
After  each  Uf  update,  the  following  quantities  are  evaluated so that  the 
far  field  boundary  conditions  and  the  potential  jump  across  the  wake  may  be 
updated. 
Mm2 = uf2%2 
The  velocity  ratio  is  included  in  the  circulation  update  to  account  for  the  fact 
that r (like C$ ) is  expressed  in  units  of  URc. 
The  solution  is  considered  to  be  converged  when  both  a  conventional 
convergence  criterion  for  the  potential  relaxation  is  met  and  the  magnitude  of 
AEU/EU has  been  below  a  specified  level  for  two  successive  evaluations  of 
After  convergence,  the  airfoil  pressure  distribution  in  free  air  is  calculated 
from  the  airfoil  surface  velocity  magnitudes  by  the  exact C equation  and  the 
experimental  values of lift  and  pressure  coefficients  are  corrected  to  the new 
reference  condition  by 
P 
The  first  term  in  equation ( 1 4 )  represents  the  change  i.n  free-stream  static 
pressure  under  the  assumption  of  constant  total  pressure. 
If the  unified  option  for  tunnel  sidewall  boundary  layer  was  selected, 
equations ( 1 3 )  and ( 1 4 )  correct  the  coefficients  from  the  tunnel  test  for 
interference  from  all  four walls. Under  the  sequential  option,  however,  the 
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coefficients  had  already  been  adjusted  by  the  similarity  rule  for  sidewall 
boundary  layer  and  equations (13) and  (14)  then  provide  the  additional 
correction  for  the  upper  and  lower  wall  effects. 
Boundary  Conditions  for  Model  Perturbation  Computation 
The  purpose  of  the  model  perturbation  computation  is  to  define  that  part  of 
the  tunnel flow perturbation  which  is  attributable  directly  to  the  airfoil. 
Accordingly,  the  airfoil  boundary  condition n this  computation  should  assure 
that  the  vorticity  and  source  distributions  on  the  slit  representing  the  airfoil 
duplicate  those  existing  in  the  tunnel flow solution.  Thus,  the  quantities 
as extracted  from  the  tunnel  flow  solution  are  to  be  reproduced  in  the  free  air 
computation.  From  equations (15), (9 )  and ( 4 )  we  find 
which  is  used  along  with  equation  (15a)  to  impose  the  airfoil  boundary 
conditions  in  the  model  perturbation  computation. 
In  order  that  the  calculated  model  perturbation  represent as closely  as 
possible  the  perturbation  attributable  to  the  model  in  the  tunnel flow  solution, 
it  is  important,  because of  the  nonlinear  governing  equation,  that  the  total 
Mach  number  environment  for  the  calculation  be  similar  to  that in the  tunnel. 
To  this end, the  far  field  Mach  number  used  for  the  model  perturbation 
calculation  is  that  determined  during  the  equivalent  free-air  solution so that 
the  far  field  Mach  number  correction will replace,  at  least  to  first  order,  the 
Mach  number  perturbation  attributable  to  the  walls  in  the  tunnel flow solution. 
The  free-air  outer  boundary  conditions  imposed  are  also  the  same  as  those  used 
in the  equivalent  free-air  solution. 
After convergence, the  distribution on the  tunnel  axis  of  the  wall-induced 
velocities  are  found by  subtracting  the  model  perturbation  from  the  total 
perturbation  calculated in the  tunnel  flow  solution. 
DESCRIPTION  OF  INPUT 
Program  TWINTN4 is written in  FORTRAN 4 and  has  been  implemented on the  CDC 
CYBER  175  computer  with a central  memory  requirement  of  approximately 70,000 
(octal)  60-bit  words.  The  program  input  is  provided  in two namelist  blocks. 
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The  first,  labeled N P U T ,  contains 12 parameters  to  define  the  computational 
grid, 8 parameters  for  problem  constraint  and 8 parameters  for  numerical  process 
control.  The  second block, RDPX, provides  arrays  of  wall  and  model  pressure 
coefficients  and  their  longitudinal  locations.  All  input  data  are 
nondimensional  with  the  airfoil  chord  assumed  to  be  the  unit  of  length.  The 
input  parameters  are  summarized in Appendix A and are  discussed in  more  detail 
in the  following  sections. 
The  program  calls  several  subroutines  from  the  Langley  Research  Center 
graphics  library  to  create  a  plot  vector  file  which can then  be  post-processed 
to  obtain  plotted  output.  Some  modifications  to  the  program  might  be  required 
to  obtain  plots  on  a  different  computer  system. 
Computational  Grid  Inputs 
The  perturbation  potential  is  stored  by  the  program  in an  array  addressed 
as PHI(J ,  K, L). The  index L takes on values  of 1 or 2 for  the  upper  or  lower 
half  plane  respectively. J and K are  the  longitudinal  and  lateral  indices 
respectively  in  each  half  plane.  The  physical  configuration  of  the  upper  half 
grid  is  sketched in figure 1. The K = 1 grid  line  is  the  axis  of  grid 
symmetry  between  the  two  half  planes  and  represents  the  tunnel  center li e, 
y = 0 .  The  lower  half  grid  is a  mirror  image  of  the  upper.  The  longitudinal 
grid  spacing  is  uniform  from J1 to 54. The  longitudinal  spacing  upstream  from 
J1 and  downstream  from 54 and  the  lateral  spacing  of  the  entire  grid  are 
stretched  by  transformations  of  the  form 
z = n 6 b  
n- 5 
where z represents  a  physical  coordinate  and 5 is  the  computational 
coordinate  in  the  corresponding  direction. In the  present  program,  the 
transformation  is  truncated  to  prevent z reaching  infinity.  Equation (17) is 
used  to  relate  the  coordinate x or  y  directly  to  the  grid  index J or K 
by  assuming a  computational  mesh  interval A 5  of  unity.  The  stretching 
parameter  n  then  represents  the  number  of  mesh  intervals  which  would  cover  the 
range 0 < z <a , and  the  scaling  parameter 6 is  the  limit  as z approaches 
zero  of  the  physical  mesh  interval Az. The  specific  relations  for  the 
upstream,  downstream  and  lateral  transformations  are  formed  by  substituting  the 
parameters  tabulated  below  into  equation (17) .  
Index  Range 1 - < J <  " J1 54 L J 5 J5 l L K < K E  " 
5 J1 - J J - 54 K -  1 
2 x(J1) - X X - x ( J 4 )  Y 
n M M N 
6 DXMN DXMN DYMN 
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The  program  sets  the  uniform  mesh  interval Ax in  the  range  from J1 to 54 equal 
to DXMN, locates 53 at  the  airfoil  trailing  edge  (x = l ) ,  and  determines 5 2  such 
that  the  airfoil  leading  edge ( x  = 0) lies  in  the  mesh  space  between 52 and 
52 + 1. The  boundaries  of  the  uniform  longitudinal  mesh  region  are 
X ( J 1 )  = 1. - DXMN * (53 - 51) 
X ( J 4 )  = 1 + DXMN * ( 5 4  - 5 3 )  
The  foregoing  information is sufficient  to  determine  the  physical 
coordinates  x,y of each  grid  intersection J , K  in  terms of the  following 
program  input  parameters.  The  longitudinal  grid  used i n  the  free-air 
computation  is  defined  by  the  integers J1, 5 3 ,  5 4 ,  55 and M and  the  real 
constant DXMN which  must  satisfy  the  following  constraints. 
55 < 100 - 
J1 < M 
55 - 54 < M 
- 
( 5 3  - 51) * DXMN - > 1. 
54  > 53 
The  grid  lines  serving  as  the  upstream  and  downstream  boundaries  of  the  tunnel 
flow computation  are  denoted  by  the  integers JU and JD respectively  which  must 
satisfy: 
JU > 1 
JD 5 55 
- 
In  addition,  all  wall  boundary  points,  located  at  mesh  centers  from x(JU + 1/2) 
to  x(JD - 1/2) must  lie  within  the  longitudinal  range  of  the  input  wall 
pressures. 
The  lateral  grid  is  defined  by  the  integers KB,  N and KW and  the  real 
constant DYMN which  must  satisfy: 
KB " < 50 
KB < N - 
KW identifies  the  lateral  boundary of the  tunnel  flow  computation  and  must  be 
selected  along  with N and DYMN such  that  y(KW) is the  lateral  distance  from  the 
tunnel  center  line  to  the  upper  or  lower  line  of  input  wall  pressures. 
The  following  points  should  be  considered  also  in  selecting  grid  input 
parameters.  The  outer  boundaries of the  free-air  computation, x ( l ) ,   x ( J 5 )  and 
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y(KB)  should  lie several  chord  lengths  from  the  model  for  best  accuracy  of  the 
free-air  boundary  conditions. If, however, J1 and (55 - 5 4 )  closely  approach M y  
and KB  closely  approaches N, the  solution  convergence  rate  is  adversely 
affected. 
Problem  Constraint  Inputs 
Seven  real  and  one  integer  input  parameters  provide  constraints  needed in 
the  tunnel  flow  computation.  AMREF  is  the  reference  Mach  number  corresponding 
to  the  tunnel  reference  conditions  used in reducing  the  input  data  to 
coefficient  form.  The  lift  coefficient  CL  defines  the  total  airfoil 
circulation.  The  accuracy  of  the  calculated  wall-induced  upwash  depends o  the 
accuracy  of  the  CL  input.  CD  is  the  airfoil  drag  coefficient  which  provides  the 
airfoil  thickness  closure  constraint. 
The  parameters  SLA  and  SLB  are  the  onset  flow  streamline  slopes  at  the 
upper  and  lower  corners  respectively  of  the  upstream  boundary  of  the  tunnel  flow 
computation x(JU). The  present  formulation  presumes  that  this  upstream 
boundary  is  located in the  solid  nozzle  region  of  the  tunnel  where  the  flow 
direction  is  constrained  by  the  known  wall  slopes  SLA  and  SLB.  If  this 
condition  cannot  be  met  or  if  other  conditions,  such  as  poor  resolution  of  the 
wall  pressures  prevent  accurate  modeling  of  this  upstream  region,  SLA  and  SLB 
may  be  input  as  zero  and  the  tunnel  flow  direction  monitored  by  comparing  the 
orientation  of  the  airfoil  shape  calculated  in  the  tunnel  flow  solution  with  the 
known  incidence  of  the  test  airfoil.  Nominal  properties  of  the  tunnel  sidewall 
boundary  layer  at  the  model  location  are  input  through  DSTOB2  which  is  the 
displacement  thickness  divided  by  the  tunnel  half width, and H the  shape  factor. 
Default  values  of 0 .  and 1. respectively  are  provided  for  these  two  parameters 
and  define  the  case  of  no  sidewall  boundary  layer. 
The  integer  parameter ISEQ, if  set  to 1 invokes  the  sequential  procedure 
for  accounting  for  the  tunnel  sidewall  boundary  layer.  The  default  value  of 
zero  results  in  the  unified  procedure  being  followed. 
Computational  Control  Inputs 
The  parameters  discussed  in  this  section  affect  the  generation  of  a  plot 
vector file, and  the  convergence  rate,  stabilization,  termination  and  amount  of 
diagnostic  output  for  the  iterative  process  in  each  of  the  three  solutions. 
Default  values  of  each  of  these  parameters  are  established in  the program  but 
may  be  overridden  simply b  including  new  values in the NPUT  namelist. 
The  integer  parameter  IPLOT, if  set  to 1 causes  generation of a plot  vector 
file.  The  default  value  of 0 bypasses  this  feature.  The  two  real  parameters 
RFA  and  EPSU  are  used  only in the  equivalent  free  air  solution. RFA is  the 
feedback  gain  determining  the  angle  of  attack  response  to  a  circulation 
mismatch.  EPSU  specifies  the  convergence  limit  for  the  far  field  velocity 
update. 
15 
The f i v e  r e m a i n i n g  p a r a m e t e r s  are d i m e n s i o n e d  q u a n t i t i e s  d e n o t i n g  v a l u e s  
s t o r e d   i n   t h r e e - e l e m e n t   a r r a y s .  Tne a r r a y   s u b s c r i p t s   f r o m  1 t o  3 c o r r e s p o n d   t o  
t h e   t h r e e   s u c c e s s i v e   f l o w   s o l u t i o n s .  The real  a r r a y  ORF c o n t a i n s   t h e  
o v e r r e l a x a t i o n  f a c t o r  u s e d  a t  s u b s o n i c  p o i n t s  i n  t h e  s u c c e s s i v e  l i n e  
o v e r r e l a x a t i o n   p r o c e d u r e .  The real  a r r a y  DXT c o n t a i n s  a d a m p i n g   f a c t o r   t o  
r e t a r d   u p d a t i n g   o f   l o n g i t u d i n a l   v e l o c i t y   p e r t u r b a t i o n s .  The rea l  a r r a y  EPS 
c o n t a i n s  t h e  c o n v e r g e n c e  c r i t e r i o n  i n  terms o f  t h e  a b s o l u t e  v a l u e  o f  t h e  
p e r t u r b a t i o n  p o t e n t i a l  c h a n g e  i n  o n e  i t e r a t i o n  a t  t h e  g r i d  1 o c . a t i o n  w h e r e  t h i s  
change is  g r e a t e s t .   I t e r a t i o n  i s  t e r m i n a t e d   e i t h e r  when t h i s  c r i t e r i o n  i s  met 
o r  when t h e  number  of i t e r a t i o n  s t e p s  e x c e e d s  t h e  v a l u e  o b t a i n e d  f r o m  t h e  
i n t e g e r  array IMX. In fo rma t ion   desc r ib ing   t he   conve rgenc -e   h i s to ry  i s  a v a i l a b l e  
f o r   o u t p u t  a t  e a c h   s t e p  of i t e r a t i o n .  The v a l u e s   s t o r e d   i n   t h e   i n t e g e r   a r r a y  
I T R C  de t e rmine  how much o f  t h i s  i n f o r m a t i o n  i s  a c t u a l l y  p r i n t e d .  An I T R C  v a l u e  
of 1 c a u s e s  p r i n t i n g  a t  e a c h  i t e r a t i o n  s t e p ;  a v a l u e  o f  2 c a u s e s  p r i n t i n g  e v e r y  
t e n t h  s t e p  and a t  t e r m i n a t i o n ;  a n d  t h e  d e f a u l t  v a l u e  o f  z e r o  c a u s e s  o n l y  t h e  
f i n a l  v a l u e s  t o  b e  p r i n t e d  s o  t h a t  i t  may he  determined whether t h e  i t e r a t i o n  
conve rged   o r   r an   t he  maximum number  of s t e p s .  I f  e i t h e r  o f  t h e  f i r s t  two 
s o l u t i o n s  i s  ter lni-nated  by  reaching  the maximum number  of i t e r a t i o n s  and  the 
f i n a l  v a l u e  o f  t h e  c o n v e r g e n c e  parameter i s  g r e a t e r  t h a n  10 times t h e  c r i t e r i o n  
g i v e n  i n  EPS, t hen  a l l  f i l r t h e r  p r o c e s s i n g  o f  t h a t  case i s  a b o r t e d .  
P r e s s u r e  D i s t r i b u t i o n  I n p u t s  
I n  the  tunne l  f l ow c -omputa t ion ,  t he  ou te r  boundary  cond i t ions  are 
e s t a b l i s h e d  f r o m  t h e  i n p u t  p r e s s u r e  c o e f f i c i e n t  d i s t r i b u t i o n s  a l o n g  o r  n e a r  t h e  
upper   and   lower   tmnel  walls. S i m i l a r l y ,   t h e   i n n e r   b o u n d a r y   c o n d i t i o n s   a r e  
e s t a b l i s h e d  f r o m  i n p u t  p r e s s u r e  c o e f f i c i e n t  d i s t r i b u t i o n s  on  t h e  a i r f o i l  u p p e r  
and   lower   sur faces .  These d a t a  are inpu t   t h rough  parameters i n   t h e   n a m e l i s t  
b l o c k  RDPX. The wall p r e s s u r e  d a t a  are d e s c r i b e d  i n  a two-e l emen t   i n t ege r   a r r ay  
and two real  two-dimensional   arrays.  The i n t e g e r s  Nw( 1)  and NW( 2 )  a r e  t h e  
numbers of p r e s s u r e  i n p u t  l o c a t i o n s  a l o n g  the  upper   and  lower walls 
r e spec t ive ly .  The f i r s t  real  array XW i n p u t s   t h e  x c o o r d i n a t e s   o f   t h e  wall 
p r e s s u r e   l o c a t i o n s  i n  order   f rom  upstream  to   downstream. The € i r s t  index  
numbers these l o c a t i o n s  €rom 1 t o  t h e  a p p r o p r i a t e  NW element   and  the  second 
index  i s  1 o r  2 f o r   t h e   u p p e r  ~r lower wall r e s p e c t i v e l y .  The s e c o n d   r e a l  array 
CPW i n p u t s  t h e  p r e s s u r e  c o e f f i c i e n t s  w i t h  t h e  same o rde r  and  index ing  as t h e i r  
c o r r e s p o n d i n g   l o c a t i o n s .  The a i r E o i l  u p p e r  a n d   l o w e r   s u r f a c e   p r e s s u r e  
c o e f f i c i e n t s  a n d  t h e i r  c h o r d w i s e  l o c a t i o n s  a r e  i n p u t  i n  a fu l ly ,ana logous   manner  
u s i n g  t h e  i n t e g e r s  NX( 1) , and NM(2) a n d  t h e  a r r a y s  XM and CPM. A l l  f o u r  real  
a r r a y s  are dimensioned  to  accommodate  values  of NW o r  NM up t o  30. 
All i n p u t  p r e s s u r e  d i s t r i b u t i o n s  are  i n t e r p o l a t e d  o n t o  b o u n d a r y  p o i n t s  
l o c a t e d  a t  t h e   c e n t e r s  of t h e   l o n g i t u d i n a l  mesh i n t e r v a l s .  These boundary 
poin ts  range  f rom 52  + 3 / 2  t o  5 3  - 1 / 2  on  t h e  a i r f o i l  ( K  = 1) and  from J U  + 1/2 
t o  JD - 1 /2  on the   ou te r   boundary  (K = KW). The i n t e r p o l a t i o n  r o u t i n e  f i t s  a 
s p l i n e  t o  e a c h  d i s t r i b u t i o n  w i t h  a z e r o  s e c o n d  d e r i v a t i v e  c o n d i t i o n  a t  t h e  
s p l i n e   e n d s .   B e c a u s e   t h e   r o u t i n e  as p resen t ly   imp lemen ted   does   no t   p rov ide   fo r  
e x t r a p o l a t i o n ,  e a c - h  i n p u t  p r e s s u r e  d i s t r i b u t i o n  m u s t  c o v e r  t h e  f u l l  r a n g e  o f  
boundary   po in ts  Manual e x t r a p o l a t i o n   o f   t h e   e x p e r i m e n t a l   p r e s s u r e s  a t  t h e  
a i r f o i l  t r a i l i n g  e d g e  m i g h t  b e  n e c e s s a r y  i n  some cases t o  p r o v i d e  t h e  r e q u i r e d  
range   of   da ta .  Near t h e   l e a d i n g   e d g e ,  on t h e   o t h e r   h a n d ,   t h e  number  of 
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experimental  measurements  might  far  exceed  the  requirements  of  this  program and, 
therefore,  one  might  omit  some  of  the  experimental  data.  Care  should  be  taken 
not  to  introduce  spurious  oscillations  in  the  spline  fit  between  data  points. 
One  might  even  input  a  false  pressure  coefficient  at  the  leading  edge  to  help 
the  spline  provide  a  smooth  fairing  the  range  of  interest. 
DESCRIPTION  OF  OUTPUT 
Output  is  generated  during  each  major  phase  of  computation so that  the  user 
may  scrutinize  the  processes  leading  to  the  final  wall-induced  perturbation 
results.  The  process  output  will  be  described  in  four  sequential  phases,  input 
processing,  tunnel flow  solution,  equivalent  free  air  solution  and  model 
perturbation  solution. Al output  velocities  are  expressed  in  units  of  the 
reference  stream  velocity  corresponding  to  the  input  tunnel  Mach  number  AMREF. 
Al output  velocity  potentials  are  expressed in units  of  the  product  of  this 
reference  velocity  and  the  airfoil  chord. 
Input  Processing 
The  contents  of  the  namelist  block  NPUT  are  listed  first.  If  the 
sequential  option  has  been  selected,  the  sidewall  boundary  layer  similarity 
transformation  is  performed  prior  to  all  output.  The  transformed  values  of 
AMREF, CL  and  CD  therefore  appear  in  the  NPUT  listing.  The  longitudinal  grid 
structure  is  next  described  by  listing  the  x  location  and  the  derivative 
dJ/dx.  These  quantities  evaluated  at  the  grid  lines  J  are  identified as X(J) 
and  Fl(J).  The corresponding  quantities  evaluated  at  J + 1/2  are  given  by 
XMID(J)  and  F2(J).  The lateral grid structure  is  described  by  the  grid  line 
location Y(K), and  the  derivative  dK/dy  evaluated  at  the  grid  lines Gl(K)  and 
at  the K + 1/2  points G2(K). The  user  should  check  to  see  that  Y(KW)  is  the 
lateral  location  of  the  input wal pressures.  The  results  of  interpolating  the 
airfoil  pressure  coefficients  onto  the  mesh  midpoints  XMID(J)  are  then  listed n 
separate  groups  for  the  upper  and  lower  surfaces.  This  listing  can  be  used  in 
conjunction  with  the  input  data  to  judge  the  quality  of  the  spline  fit. 
Tunnel  Flow  Solution 
The  convergence  history  of  the  tunnel  flow  solution  is  shown  by  listing  the 
iteration  number I, the  largest  change  in  the  perturbation  potential  from  the 
previous  iteration  DPHIMX,  and  the  grid  intersection  JMX, KMX where  this  change 
is  located.  Negative  values  of KMX indicate  points  in  the  lower  half  plane. 
The  flag ISUP is 1 if  this  grid  point  is a  supersonic  point  and 0 if  it  is 
subsonic.  The  number  of  supersonic  points  NS  and  the  current  value of airfoil 
trailing  edge  thickness TTE are  also  listed.  Both  the  inner  and  the  outer 
boundary  conditions  depend  on  the  solution  and  therefore are updated 
iteratively.  To  avoid  using  poorly  developed  data  for  the  update,  it s
performed  only  when  the  convergence  parameter  DPHIMX is less  than  some  threshold 
value.  The  threshold  levels  specified  for  the  inner  and  outer  boundary 
condition updates are and EPS( 1)*10 respectively. The threshold levels are 
separated so that  numerical  problems  associated  with  each  update  process  might 
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be  identified  more  readily. Because  the  initial  approximation  to  the  inner 
boundary  conditions  is  poor, it is normal  for  the  convergence  history  to sh w 
that  DPHIMX  bounces  up  from  the  level  several  times  before  sinking  through 
it.  This  listing  will  end  either  with  DPHIMX < EPS(1) or  with I = IMX(1) 
depending  on  whether  or  not  convergence  was  achieved. 
The  data in the  following  listings  are  identified  by  a  heading s pertinent 
to  the  tunnel  flow.  The  critical  pressure  coefficient  is  given as CPSTAR.  Data 
evaluated  at  the  airfoil  surface  are  listed  next.  Two  lines  are  printed  for 
each  grid  index J. Data on the  first  line  pertain  to  the  upper  surface  or  both 
surfaces  and  those on the  second  line  to  the  lower  surface  or  the  increment 
between  surfaces.  The  first  four  columns  give  data  evaluated  at  the  center  of 
the  mesh  interval  upstream  from J. The  calculated  shape  of  the  airfoil  surface 
streamlines  is  given  by  the  coordinates X(J-.5) and  YMOD.  The  pressure 
coefficient CP(REF) can be  compared  with  the  previous  listing  of  interpolated 
pressure  coefficients  to  see how well  the  inner  boundary  conditions  were 
satisfied.  The  longitudinal  perturbation  velocity  component U is  obtained 
directly  from  the  potential  gradient  along  the K = 1 grid  line.  The  data in 
the  last  four  columns  are  evaluated  at  the  grid  points  located at X ( J ) .  V is 
the  lateral  component  of  perturbation  velocity  and  DELTA PHI and  DELTA V are the 
increments  between  the  upper  and  lower  surface  values  of  the  perturbation 
potential  and  the  lateral  velocity  respectively.  These  increments are stored 
for  use as  model  boundary  conditions  in  the  model  perturbation  computation. 
The  perturbation  velocity  components  along  the  outer  boundaries  of  the 
tunnel flow  computational  region  are  given n xt.  The  first  listing  pertains  to 
the  upstream  and  downstream  boundaries.  The  different  coordinate  locations 
given  for  the  two  components  reflect  the  fact  that U is evaluated  at  lateral 
grid  lines  and  at  midpoints  in  the  longitudinal  direction  while  the V component 
is  evaluated  at  longitudinal  grid  lines  and  at  midpoints  in  the  lateral 
direction.  In  the  case  of  the  upper  and  lower  boundaries  listed n xt, the V 
component  is  extrapolated  to  grid  points on the K = KW  boundary.  Thus,  the 
listed  values  of U and V are  given  at  the  indicated  longitudinal  location  along 
the  upper  and  lower  boundaries  at  K = KW. 
The  final  listing  from  the  tunnel flow  solution  gives  the  perturbation 
potential  at  grid  points  in  the  immediate  vicinity  of  the  airfoil.  The  grid 
points  are  those on the  K = 1, 2, and 3 grid  lines in the  upper  and  lower  half 
planes  for J from J1 to 54. 
Equivalent  Free  Air  Solution 
Data  output  listed  for  the  equivalent  free-air  solution  is  structured 
similarly  to  that  described f o r  the  tunnel flow solution.  This discussion, 
therefore,  will  highlight  the  differences  between  the  two. 
In  the  equivalent  free-air  solution,  the  angle  of  attack  correction DA is 
updated  after  each  iteration  for  which  the  convergence  parameter  DPHIMX is less
than The far field velocity ratio UFAC is updated either as DPHIMX 
decreases  through EPS(2)*10 or  if  DPHIMX  is  less  than EPS(2) provided  five 
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iterations  have  occurred  since  the  previous  update.  The  convergence  history 
listing  includes  the  values  of DAY UFAC  and  the  error  function EU.
After  convergence,  the  final  far  field  Mach  number is  given  as  AMINF, the 
corresponding  velocity  ratio as  UINF/UREF,  the  dynamic  pressure  ratio as  QFAC, 
and  the  angle  of  attack  correction  is  listed n radians.  This  far  field 
condition  represents  the  corrected  reference  condition  for  the  tunnel  data. 
Accordingly,  the  model  surface  pressures  listed as CP(1NF) as well as the 
critical  pressure  CPSTAR  are in the  form  of  pressure  coefficients  based on the 
corrected  reference  condition.  It  should  be  noted  that  the  perturbation 
velocities  listed in the  free-air  solution  output  are  perturbations  from  a 
uniform flow at  the  far  field  velocity  UINF.  The  velocity  unit,  however,  is 
still  the  tunnel  reference  velocity  or  the  similarity  transformed  velocity  UREF. 
The  experimental  lift  and  pressure  coefficients,  corrected t o  the new 
reference  condition,  are  then  listed.  The  pressure  coefficients  are  listed 
first  at  the  computational  mesh  centers  and  then  at  the  original  input  orifice 
locations.  The  root  mean  square  increment  between  the  calculated  free  air 
values  and  the  corrected  experimental  values  at  mesh  centers is given  as  a 
measure of  the  higher  order  interference  effects  not  accounted  for  by  the 
corrections  to  Mach  number  and  angle  of  attack. 
Model  Perturbation  Solution 
The  model  perturbation  solution  is  a  simple  potential  relaxation  with  no 
boundary  condition  updates.  The  convergence  history  is  simplified  accordingly. 
After  convergence,  the flow properties  at  the  airfoil  surface  are  listed in the 
same  form  used  for  the  previous  solutions. 
The  wall-induced  velocities  are  calculated as the  difference  between  the 
perturbation  velocities  calculated  at  the  same  locations  in  the  tunnel flow
solution  and  in  this  solution.  This  is  performed in the  present  program  only 
along  the  tunnel  center  line (K = 1) from JU to JD. The  lateral  velocities  in 
the  free  air  solution  VF  and  due  to  the  walls  VW  are  listed  at  the  grid  point 
locations  XV.  The  longitudinal  velocity  perturbations  in  the  free  air  solution 
UF  and  due  to  the  walls UW are  given  at  the  mesh  center  location  XU.  Over  the 
model  chord,  values  corresponding  to  both  upper  and  lower  surfaces  are  given. 
Although  the  wall-induced  velocities  should  be  identical on the  two surfaces, 
some  differences  can  appear in VW which  reflect  the  accuracy  with  which  the 
velocity  jump  boundary  condition  is  satisfied. 
The  final  listing  gives  the  mean  of  the  wall-induced  velocity  components VW 
and UW evaluated  over  the  model  chord  and  the  standard  deviation  over  the  model 
of these t m  components  and  their  resultant. 
Plotted  Output 
Two  frames of plotted  output  are  generated. In the  first  frame,  the tm 
components  of  wall-induced  velocity are plotted  against  distance  along  the 
tunnel  axis  extending  from  about  one  chord  length  upstream  of  the  leading  edge 
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to  about  one  chord  length  downstream  of  the  trailing  edge.  The  longitudinal 
component  is  plotted  with + symbols  and  the  lateral  component  with x 
symbols.  The  corrected  far-field  velocity  ratio  (relative  to  unity)  is  plotted 
with  a  large + at  mid-chord  and  the  angle-of-attack  correction  is shown by a 
large x at  the  trailing  edge.  The  figure  title  includes  the  case  title  (first 
line  of  input),  the  standard  deviations  over  the  model  of  the  longitudinal, 
lateral  and  resultant  wall-induced  velocities  and  information  identifying  the 
computer run, date  and  time. 
The  second  frame  compares  the  corrected  experimental  airfoil  pressure 
distribution,  plotted  with  asterisks,  with  the  calculated  free-air  pressure 
distribution,  plotted  with + symbols  for  the  upper  surface  and x symbols  for 
the  lower  surface.  The  most  upstream  points  on  the  calculated  curves  are 
plotted  at  the  center  of  the  mesh  interval  bracketing  the  leading  edge  which,  of 
course,  might  lie  upstream  of  the  actual  leading-edge  location.  The  critical 
pressure  coefficient  is  shown  by  the  large + symbol  superimposed  on  the CP 
scale  and  the  stagnation  pressure  coefficient  is  shown  by  the  large  x  at  the 
leading  edge.  The  figure  title  includes  the  corrected  values  of  Mach  number  and 
lift  coefficient  and  the  rms  difference  between  the  calculated  and  experimental 
pressure  distributions. 
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APPENDIX A 
SUMMARY OF PROGRAM  'INPUT 
TITLE - T i t l e   o f  case. Up t o  80 a l p h a n u m e r i c   c h a r a c . t e r s   t o   a p p e a r   i n   o u t p u t  
l i s t i n g  a n d  p l o t t e d  f i g u r e  t i t l es .  
P a r a m e t e r s  i n  Namelist NPUT 
J1 - L o n g i t u d i n a l   g r i d   i n d e x  a t  beginning  of un i fo rm  g r id   spac ing .  
53 - Long i tud i -na l   g r id   i ndex  at a i r f o i l   t r a i l i n g   e d g e .  
54 - L o n g i t u d i n a l   g r i d   i n d e x  at. end of un i fo rm  g r id   spac ing .  
55 - Grid   index  a t  downstream e n d  of  free-air domain. 
M - Long i t . ud ina1   g r id   spac ing   i nun i fo rm  r eg ion .  
D X N N  - L o n g i t u d i n a l   g r i d   s p a c i n g   i n   u n i f o r m   r e g i o n .  
J U  - Grid i n d e x  at. upstream  end  of  tunnel   f ow  domain.  
J D  - Grid   index  at. downstream  end of t u n n e l  f l o w  domain. 
KB - L a t e r a l   g r i d   i n d e s  a t  outer   edge   of  free-air  domain. 
N - Lateral  g r i d   s t r e t c h i n g   p a r a m e t e r .  
DYMN - I n n e r  limit v a l u e   o f   l a t . e r a l   g r i d   s p a c i n g .  
KW - Lateral  g r i d   i n d e x  at. ou te r   edge  o f  tunnel   domain.  
AMKEF - Tunnel   re fe rence  Mach number. 
' CL - A i r f o i l   s e c t i o n   l i f t   c o e f f i c i e n t .  
CD - S e c t i o n   d r a g   c o e f f i c i e n t   u s e d   t o   d e f i n e   t r a i l i n g   e d g e   t h i c . k n e s s .  
S LA - Slope   of   upper   tunnel  wall a t  upstream  end of  tunnel  domain. 
DSTOBZ - Nominal s i d e w a l l   b o u n d a r y   l a y e r   d i s p l a c e m e n t   t h i c k n e s s   d i v i d e d   b y  
tunne l   w id th .   (Defau l t .   va lue  = 0.) 
H - Nominal s i d e w a l l   b o u n d a r y   l a y e r   s h a p e   f a c t o r .   ( D e f a u l t   v a l u e  = 1.) 
ISEQ - S e l e c t o r   f o r   s i d e w a l l   b o u n d a r y   l a y e r   a c c o u n t i n g   m e t h o d .  
= 0 f o r   u n i f i e d   p r o c e d u r e .   ( D e f a u l t   v a l u e )  
= 1 f o r   s e q u e n t i a l   p r o c e d u r e .  
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IPLOT - S e l e c t o r   f o r   p l o t   o u t p u t .  
= 0 f o r  no p l o t   v e c t o r   f i l e .   ( D e f a u l t   v a l u e )  
= 1 t o  g e n e r a t e  p l o t  v e c t o r  f i l e .  
RFA - F e e d b a c k   g a i n   f o r   a n g l e - o f - a t t a c k   c o r r e c t i o n .   ( D e f a u l t   v a l u e  = 0.5) 
ORF(1) - O v e r r e l a x a t i o n   f a c t o r   f o r   s u b s o n i c   p o i n t s   i n   t h e   I - t h   s o l u t i o n .  
( D e f a u l t  v a l u e s  = 1.8 , 1.8, 1.8) 
DXT(I) - L o n g i t u d i n a l  v e l o c i t y  u p d a t e  d a m p i n g  f a c t o r  i n  t h e  I - t h  s o l u t i o n .  
( D e f a u l t  v a l u e s  = 0.5,   0 .5 ,  0.5) 
ITRC(I) - S e l e c t o r  f o r  c o n v e r g e n c e  h i s t o r y  o u t p u t .  
= 0 f o r  f i n a l  v a l u e s  o n l y .  ( D e f a u l t  v a l u e  f o r  a l l  t h r e e  s o l u t i o n s )  
= 1 f o r  o u t p u t  a t  e a c h  i t e r a t i o n  s t e p .  
= 2 f o r  o u t p u t  a t  e a c h  t e n t h  s t e p  p l u s  f i n a l  v a l u e s .  
IMX(1) - Maximum number of i t e r a t i o n   s t e p s   a l l o w e d   i n   I - t h   s o l u t i o n .   ( D e f a u l t  
v a l u e s  = 350, 600, 200) 
EPS(1) - C o n v e r g e n c e   c r i t e r i o n   f o r   p o t e n t i a l   r e l a x a t i o n   i n   I - t h   s o l u t i o n .  
( D e f a u l t   v a l u e s  = , , 
EPSU - C o n v e r g e n c e   c r i t e r i o n   f o r   f a r   f i e l d   v e l o c i t y   u p d a t e .   ( D e f a u l t   v a l u e  = 
P a r a m e t e r s  i n  N a m e l i s t  RDPX 
NW( I )  - Number o f   p r e s s u r e   i n p u t   l o c a t i o n s  on I - th  wall .  
I = 1 f o r  u p p e r  wall. 
I = 2 fo r  l ower  wall. 
xW(J,I) - A r r a y  o f  l o n g i t u d i n a l  l o c a t i o n s  f o r  p r e s s u r e  i n p u t  on I - t h  wall, J 
v a r i e s  f r o m  1 t o  NW( I ) .  
CPW(J , I ) -  Array  of  input  pressure  coef f ic ien ts  on I - t h  wall, J v a r i e s  f r o m  1 t o  
w 1 )  
NM(1) - Number o f   p r e s s u r e   i n p u t   l o c a t i o n s  on I - t h   a i r f o i l   s u r f a c e .  
I = 1 f o r  u p p e r  s u r f a c e .  
I = 2 f o r  l o w e r  s u r f a c e .  
XM(J,I) - Array o f  l o n g i t u d i n a l  l o c a t i o n s  f o r  p r e s s u r e  i n p u t  on I - t h  a i r f o i l  
s u r f a c e ,  J v a r i e s  f r o m  1 t o  NM( I ) .  
CPM(J,I)- Array o f  i n p u t  p r e s s u r e  c o e f f i c i e n t s  on I - t h  a i r f o i l  s u r f a c e ,  J v a r i e s  
from 1 t o  NM( I). 
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APPENDIX B 
SAMPLE  CASE 
The sample case c o n s i s t s  o f  t h e  a p p l i c a t i o n  o f  p r o g r a m  TWINTN4 t o  r e s u l t s  
from a t e s t  of a NACA 0012 a i r f o i l  model i n  t h e  L a n g l e y  0.3m Transonic Cryogenic 
Tunnel  wi th  s lo t ted  top  and  bot tom walls. The r a t i o  o f  t u n n e l  h e i g h t  t o  a i r f o i l  
chord was 4 .  The a i r f o i l  was set  a t  2.025' i n c i d e n c e   a n d   t e s t e d  a t  a r e f e r e n c e  
Mach number  of 0.701 and a Reynolds  number  of  3.05 x 10 . 6 
The s e q u e n t i a l  o p t i o n  f o r  a c c o u n t i n g  f o r  t h e  s i d e w a l l  b o u n d a r y  l a y e r  was 
chosen   fo r   t he   s ample  case. The inpu t   ca rd   images  are l i s t e d   a n d   f o l l o w e d   b y  
t h e   p r o g r a m   o u t p u t   l i s t i n g .  The p l o t t e d  o u t p u t  is shown i n  f i g u r e s  2 and 3.  
Figures  4 and 5 show t h e  p l o t t e d  o u t p u t  f r o m  t h e  same c a s e  b u t  u s i n g  t h e  u n i f i e d  
procedure  f o r  a c c o u n t i n g  f o r  t h e  s i d e w a l l  b o u n d a r y  l a y e r .  
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1 4  
1 3  
1 5  
1 6  
1 7  
l e  
19 
20 
2 1  
2 7  
2 3  
24 
2 5  
26  
2 7  
2P 
2 0  
3 c  




3 6  
3: 
3 7  
3 P  
3 c  
4 0  
41 
$ 2  
43 
4 4  
45 
46 
4 8  
47 
4 0  
5 c  
5 1  
53 
52 
5 4  
55 
56 
5 7  








7 1  
7 1  
7 1  
c e  
6 7  
b e  
66  
6 5  
64  
63  
6 2  




5 9  
5 7  
56 
5 5  




5 1  
4 9  
4 P  
4P 
47 






4 2  
4 1  
4 r 




3 6  
35 
3 4  
32 





4 5  
4 R  
43 
4 8  
4 1  
4 8  
4 5  
4P 
43 
5 c  
4c 
4 1  
4.5 
3F 
K M X  
1 7  
1 R  


























































- 2  
-2  
- 2  
-1 






































































































































































































. 1 0 0 0 0 E + 0 1  
.10000E+01 
.10000E+01 











1 0 0 0 0 E + 0 1  
. 1 0 0 0 0 € + 0 1  
. 1 0 0 0 0 € + 0 1  
. 1 0 0 0 0 E + 0 1  
.10000E+01 
.10000E+01 
1 0 0 0 0 E + 0 1  
. 1 0 0 0 0 € + 0 1  
.1000GE+01 
. 1 0 0 0 0 € + 0 1  







. 1 0 0 0 0 € + 0 1  












. 9 9 8 9 0 € + 0 0  
. 1 0 0 0 0 € + 0 1  
. 9 9 8 9 0 € + 0 0  
.99890E+00 
. Q 9 8 9 0 € + 0 0  





. 9 9 7 6 9 € + 0 0  
.99769E+OC 
.99769E+00 
. 9 9 8 3 0 € + 0 0  
. 9 9 8 3 0 € + 0 0  
.99830E+00 



















. 1 0 C O O E + 0 1  
.10000E+01 
. l C O G O E + O l  
.10000E+01 







. l t 0 0 0 E + 0 1  
.10000E+01 




. 1 C O O O E + 0 1  
. 1 0 0 0 0 € + 0 1  
.10000F+01 
. 1 0 0 G O E + 0 1  
















~ 5 5 6 1 1 E - 0 1  
.55611E-01 
e55611E-01 
. 5 5 C l l E - 0 1  







S T E P S  65  - 1 9 5  O M I T T E D  
32 
1 9 6   4 9  -1 0 4 
1 9 7  5 0  -1 4 
1 9 8   5 0  -1 
0 
0 4 
1 9 9  20 4 0 4 
zco  4 8  -1 0 4 
2 0 1  4R -1 0 4 
2 0 2  4 8  -1 0 4 
203 4 8  -1 0 4 
204 4 @  -1 0 4 
205  48 -1 0 4 
2 0 6   4 9  -1 0 4 
207  49 -1 0 4 
2 O P  5 0  -1 0 4 
209   50  -1 0 4 
210 5 1  -1 0 4 
2 1 1  19 4 0 4 
212 4 P  -1 0 4 
213 4t? -1 0 4 
214 48 -1 0 4 
215 4 n  -1 0 4 
216 4 P  -1 0 4 
217 4 8  -1 0 4 
218 49 -1 0 4 
219 4 9  -1 0 
220  29  
4 
2 0 4 
221 4 8  -1 0 4 
223 4 E  -1 0 4 
224 4A -1 0 4 
225 29 2 0 4 
226 4 E  -1 0 4 
227 4E -1 0 4 
2 2 8  48 -1 0 4 
2 2 9  48 -1 0 4 
230 29  2 0 4 
2 3 1  4 8  -1 0 4 
232 4 5  -1 0 4 
233 4 8  -1 0 4 
234 4 8  -1 0 4 
235 48 -1 . 0 4 
236 5 0  -2  0 
237 22 2 0 4 
4 
t 3 P  4P -1 
239 i C  2 
C 4 
0 4 
240 4.5 -1 0 4 
2 4 1  4 6  -1 0 4 
2 4 2  4 P  -1 0 4 
243 4 P  -1 0 4 
244 4 8  -1 0 4 
7 4 5  46 -1 0 4 
2 4 h  4 P  -1 0 4 
2 4 7  4 p  -1 0 4 
2 4 f i  4R -1 0 4 
24F 4 e  -1 0 4 
250 48 -1 0 4 
2 5 1  4R -1 0 4 
252 4 @  -1 0 4 
253 4F -1 0 4 
254 -1 0 4 
255 46 -1 0 4 
256 46 -1 0 4 
2 5 7  48 -1 0 4 
258 4P -1 
2 5 9   2 1  
0 
7 0 4 
4 
260 4 F  -1 0 4 
222 4 e  -1 0 4 

































































































































. 1 0 0 1 ~ E + 0 1  
.10014E+01 
.10014E+01 
. 1 3 0 1 4 € + 0 1  
. 1 0 0 2 4 € + 0 1  
10024€+01 
. 1 0 0 2 4 € + 0 1  
1 0 0 2 4 E + 0 1  
. 1 0 0 2 4 € + 0 1  
. 1 0 0 2 4 € + 0 1  
. 1 0 0 2 4 € + 0 1  
. 1 0 0 2 4 € + 0 1  
.10024E+01 
. 1 0 0 2 4 € + 0 1  
.10024E+01 
. 1 0 0 2 4 € + 0 1  
. 1 0 0 1 9 € + 0 1  
.10019€+01 
.10019E+01 
. 1 0 0 1 9 € + 0 1  
. 1 0 0 1 9 E + 0 1  
. 1 0 0 1 9 € + 0 1  
. 1 0 0 1 9 € + 0 1  




. 1 0 0 2 1 € + 0 1  
. 1 0 0 2 1 € + 0 1  
.10024€+01 
. 1 0 0 2 4 € + 0 1  
. 1 0 0 2 4 € + 0 1  
. 1 0 0 2 4 € + 0 1  
.10024E+01 
. 1 0 0 2 7 € + 0 1  
. 1 0 0 2 7 € + 0 1  
. 1 0 0 2 7 E + 0 1  
. 1 0 0 2 7 € + 0 1  
. 1 0 0 2 7 € + 0 1  
. 1 0 0 2 7 € + 0 1  
.10025E+01 
.10025E+01 
. 1 0 0 2 5 € + 0 1  
. 1 0 0 2 5 € + 0 1  
. 1 0 0 2 5 € + 0 1  
.10026E+01 
. 1 0 0 2 6 € + 0 1  
. 1 0 0 2 6 E + 0 1  
.10026E+01 
.10026E+01 
. 1 0 0 2 6 € + 0 1  
.10026E+01 
. 1 0 0 2 6 € + 0 1  
. 1 0 0 2 6 E + 0 1  





. 1 0 0 2 6 € + 0 1  
1 0 0 2 6 € + 0 1  
. 1 0 0 2 6 € + 0 1  
. 1 0 0 2 6 E t 0 1  
. 1 0 0 2 6 € + 0 1  


















. 5 4 7 0 0 € - 0 1  
.54700€-01 
.54700€-01 














. 5 4 7 2 9 € - 0 1  
.54729E-01 
.54729E-01 
. 5 4 7 2 9 € - 0 1  
. 5 4 7 5 8 € - 0 1  
. 5 4 7 5 8 € - 0 1  


























F O U I V A L E N T  F F E F  A I R  ( 1 1  A N D  V A R E  P F R T I I R B A T I O N S   F R O M  IIINF R U T   N O R Y A L I Z E O  B Y  U R E F )  
A N I N F  = .6R9@6, U I N F / U R F F  = 1.00258, C P S T A R  a - .82530FtOOp Q F A C  1.00393 A L P H A   C O P R E C T I O N  -.25855E-02 




, 1 2 6 7 5  
,17665 
e22655 




- 4 7 6 0 5  
,52595 
, 5 7 5 8 5  
,62575 
, 6 7 5 6 5  
, 7 2 5 5 5  
.77545 
. e 2 5 3 5  
. 0 7 5 2 5  
,92515 
, 9 7 5 0 5  
1.02495 
Y M O O  
0.00000 
, 0 3 9 7 5  
e 0 5 2 5 5  
. 0 5 9 8 4  
e 0 6 3 6 1  
0,00000 
- e 0 2 3 8 4  
-. 0 3 7 6 0  
- .04651 
- .05235 
0 6 5 0 6  
- .05612 
- 0 6 4 5 3  
- .05@32 
e 0 6 2 8 9  
-.0593P 
- .05953 
- e 0 5 8 8 2  
, 0 6 0 4 7  
,05724 
, 0 5 3 3 3  
.04R8O 
, 0 4 3 8 0  
,03854 
eC13288 
- e 0 5 7 4 9  
- e 0 5 5 6 4  
- e 0 5 3 2 6  
- .05060 
- a 0 4 7 5 0  
, 0 2 6 8 6  
- e 0 4 4 0 0  
,02053 
- e 0 4 0 1 3  
- 0 1 3 9 2  
- a 0 3 6 0 3  
e 0 0 7 1 1  
,00018 
- e 0 0 6 9 0  
- e 0 3 1 8 2  




C P (   I N F )  
. 5 9 5 0 0  
mH0900 
- e 6 1 5 9 1  
- .92393 
- a 9 8 3 6 4  
,14563 
- e 2 1 4 5 5  
- .34113 
- e 8 9 5 6 6  
- a 3 7 3 6 0  
- .37343 
" 3 5 2 8 5  
- .76973 
- .64438 
" 5 6 1 7 2  
" 3 2 8 7 4  
" 5 0 5 4 1  
-.44742 
- .39036 
3 0 6 2 0  
- e 2 7 2 0 1  
- e 2 4 0 7 3  
" 3 3 1 9 4  
- e 2 1 2 3 6  
- e 2 7 5 7 0  
" 1 7 7 5 2  
- .15397 
- e 1 2 4 2 6  
1 4 0 9 4  
- e 0 8 9 8 4  





e 0 2 4 9 1  
- e 0 1 0 2 3  
. 0 2 1 8 1  
,07518 
e 0 9 3 3 1  
e 1 9 5 1 7  
. 2 1 9 2 4  
U 
" 5 3 1 3 3  
- .4@184 
a 4 6 0 4 1  
-.010@6 
a 4 6 0 9 5  
e 1 3 3 1 4  
. 1 7 7 5 3  
, 1 8 5 5 2  
. 4 6 @ 3 0  
. 4 2 1 2 2  
. 3 6 2 0 7  
1 8  209 
e 3 0 5 2 2  
1 7 0 9 8  
, 2 6 8 1 3  
. 2 4 3 1 8  
, 2 1 7 5 1  
,15913 
,14845 
- 1 3 2 5 1  
- 1 9 2 1 4  
11 7 9 9  
1 6 5 8 3  
,10486 
. 0 8 8 5 3  
, 0 7 7 5 7  
,06367 
,04739 
e 0 2 8 1 3  
. 1 4 0 0 1  
e 1 2 1 5 0  
. l o o 1 8  
e 0 7 7 6 4  
, 0 5 3 3 0  
e 0 2 6 9 1  
e00861 
- e 0 0 3 1 9  
- e 0 0 7 0 5  
- e 0 3 8 0 3  
- .03280 
- e  0 9 2   5 4  
-.1091F! 
J 
2 7  
2 8  
2 9  
3 0  
3 1  
3 2  
3 3  
3 4  
3 5  
36  
3 7  
38 
3 9  
4 0  
4 1  
4 2  
4 3  
4 4  
4 5  
4 6  
4 7  
X (  J )  
I 00 2 00 
, 0 5 1 9 0  
.101eo 
, 1 5 1 7 0  
. 2 0 1 6 0  
,25150 
a 3 0 1 4 0  
.35130 
. 4 0 1 2 0  
,45110 
. 5 0 1 0 0  
5 5 0 9 0  
e 6 0 0 8 0  
s 6 5 0 7 0  
7 0 0 6 0  
- 7 5 0 5 0  
,80040 
, 8 5 0 3 0  




e 7 9 8 5 6  
,25735 
. 1 4 6 4 6  
,07574 
e 02 9 0 0  
- .47@98 
- e 2 7 6 5 2  
- e 1 7 9 0 5  
- e  1 1 7 2 0  
- e 0 7 5 7 1  
- e 0 1 0 5 4  
" 0 4 4 2 3  
- .02128 
- e 0 0 3 1 9  
" 0 3 2 9 6  
- e 0 4 8 7 7  
-.Ob475 
, 0 1 4 3 1  




- e  1 0 0 4 6  
- 0 4 7 6 8  
.05354 
.Ob220 
- e 1 0 5 6 2  
- e 1 1 3 7 4  
- e 1 2 0 8 9  
e 0 7 0 3 6  
- e 1 2 7 3 4  
e 0 7 7 7 5  
- 0 1 3 2 6 5  
e 0 8 2 4 6  
" 1 3 6 9 7  
0 8 4 5 9  
- e 1 3 9 1 1  
- 0 9 3 6 1  -. 1 4 2 2 4  
- .12821 
a 1 1 6 4 6  
, 0 8 3 5 2  
D E L T A   P H I  
- a  0 0 2 4 7  
e 0 2 1 0 5  
. 0 3 7 4 0  
, 0 5 1 9 1  
- 0 6 3 6 7  
. 0 7 2 6 6  
e 0 7 9 3 5  
0 8 4 7 9  
,08952 
, 0 9 3 7 6  
0 9 7 4 6  
1 0 0 5 0  
- 1 0 3 0 7  
1 0 5 2 7  
e 10709 
e l O e 6 0  
1 0 9 8 5  
11077 
e 1 1 0 9 6  
s 1 1 0 7 0  
e 1 1 1 5 3  
D E L T A  V 
1.27754 
e 5 3 3 8 7  
- 3 2 5 5 1  
e 1 9 2 9 4  
1 0 4 7 1  
, 0 3 3 6 9  
- e 0 1 1 6 7  
- .04558 
- e 0 7 9 0 7  
- e 1 0 5 5 1  
- e 1 2 8 1 4  
- e 1 4 8 1 4  
- e 1 5 9 1 5  
" 1 7 5 9 3  
- e 1 9 1 2 5  
- e  2 0 5 0 9  
- 0 2 1 5 1 0  
- e 2 2 1 5 6  
- e 2 3 2 7 2  
- a 2 5 8 7 0  
- e 2 1 1 7 3  
E X P E R I M E N T A L  C P  B A S E D  ny C O R R E C T E D  A M I N F ~  C L  = . 2 2 2 4 a  
0 0 2 6 9 5  
076~3 5
0 1 2 6 7 5  
1 ,7665 
0 2 2 6 5 5  
0 2 7 6 4 5  
3 2 6 3 5  
3 7 6 2  5 
e 4 2 6 1 5  
0 4 7 6 0 5  
52   595 
0 5 7 5 8 5  
0 6 2 5 7 5  
067565 
0 7 2 5 5 5  
0 7 7 5 4 5  
0 8 2 5 3 5  
0 8 7 5 2 5  
0 9 2 5 1 5  
0 9 7 5 0 5  
R M S  D F L T P  C P  = 
- 0 6 1 2 4 8  
1 4 4 4 2  
- 0 9 2 4 3 0  
- 0 2 1 9 0 9  
- 0 9 8 9 8 1  
- 0 3 4 6 2 9  
- o 9 0 6 @ 0  
- 0 3 7 9 1 3  
- 0 7 7 9 8 3  
- 0  3 7 9 1  8 
- 0 6 5 1 1 3  
- 0 3 5 8 7 1  
- 0  5 6 9 2 7  
- 0  3 3 4 7 1  
- 0  5134G 
- a 4 5 5 5 9  
- 0 3 9 8 6 1  
- a  3 1 2 3 2  
- a 2 7 8 2 2  
- 0 2 4 7 0 6  
- a  3 4 0 2 0  
- 0 2 1 8 6 4  
- 0 2 8 3 9 6  -. 1 8 4 0 9  
- 0 2 4 3 7 0  
- a 1 9 7 4 5  




- a 0 9 6 0 3  
- . 0 5 7 0 5  
- a 0 4 3 5 7  
0 0 1 7 1 2  
0 0 8 5 8 4  
- 0 0 1 7 5 0  
0 0 1 4 3 5  
- 0 6 7 5 9  
0 2 1 2 2 1  
0 1 6 8 2 9  
0 7 0 9 3 0 E - 0 2  
35 
U P P F R  S U R F A C F  
X C P ( I N F 1  
0 0 0 0 2 2  1 o C F 9 3 9  
0 0 1 4 3 6  - 0 3 2 4 8 4  
e02822 - 0 6 1 8 1 3  
05   297  - 0  P 3 8 0 6  
0 0 7 7 0 3  - 0 9 2 6 5 9  
e 1 0 2 9 6  - 0 9 8 3 9 3  
e 1 5 2 3 1  - e 9 5 2 6 4  
0 2 0 1 5 5  - 0 5 5 0 1 3  
m25228 - 0 7 0 6 9 6  
0 3 0 2 0 0  - . 6 0 4 e 6  
3 5 1 9 7  - a 5 3 8 5 3  
0 4 0 1 4 5  - 0 4 8 6 4 4  
e 4 5 1 4 6  - 0 4 2 4 2 9  
e 5 0 1 4 9  - . 3 7 1 5 ?  
a 5 5 0 8 2  - 0 3 0 8 7 2  
0 6 0 0 8 9  - 0 2 6 3 6 4  
e 6 5 0 7 5  - 0 2 2 1 8 2  
o 7 0 0 6 7  - e  1 7 2 5 5  
, 7 4 9 8 2  - e  1 2 5 9 0  
mRC091 - 0 0 6 9 6 3  
0 8 5 0 3 9  - 0 0 1 5 2 7  
0 A9945 e 0 5 0 2 8  
a 9 4 6 7 6  0 1 2 6 6 8  
0 9 6 7 5 0  a 2 2 0 7 9  
I JMX K M X  I S U P  N S  
1 0  6 5  -1 G 4 
2 c  4 6  1 8  0 4 
3 0  3 7  1 9  0 4 
4 0  2 2  - 3  0 4 
5 0  15 -3  0 4 
5 5  11 -4 0 4 
LOWER S U R F A C F  
x C P t I N F )  
0 0 0 0 2 2  1 . 0 8 9 3 9  
oO1172 a 5 0 1 6 8  
e o 2 4 3 4  e 1 8 5 4 6  
0 0 4 9 9 4  -a09600 
0 7 4 1 7  - 0 2 0 9 2 4  
0 0 9 8 5 5  - e 2 9 1 7 8  
0 1 4 8 6 0  - a 3 6 5 8 0  
w19846 - 0 3 8 2 6 7  
e 2 4 8 1 1  - 0 3 7 1 8 8  
e 2 9 8 0 7  - 0  3 4 7 8 6  
0 3 4 8 6 1  - 0  3 2 4 9 7  
0 3 9 7 9 5  - 0 2 9 9 6 6  
e 4 4 8 2 6  - 0 2 6 1 9 9  
e 4 9 8 0 6  - 0 2 3 6 1 7  
e 5 4 8 6 9  - 0 2 0 2 8 0  
0 5 9 7 9 8  - 8 1 7 1 6 6  
e 6 4 6 5 3  - 0 1 5 0 3 4  
0 6 9 8 8 5  - 0 1 1 3 5 6  
0 7 4 8 3 6  - 0 0 8 1 4 4  
0 7 9 8 5 9  - e 0 3 6 0 7  
a 8 4 9 2 4  - e 0 0 3 2 6  
e 8 9 9 1 4  e 0 3 5 0 0  
e 9 4 7 6 6  a 1 1 6 7 0  
0 9 0 7 5 0  e 2 6 2 5 9  
D P H I M X  
o 7 3 8 6 5 E - 0 4  
o 1 6 2 9 7 E - 0 4  
o7019 l .E-05  
- o 4 0 9 9 1 € - 0 5  
- o 1 7 6 6 7 E - 0 5  
- e 8 4 8 4 0 E - 0 6  0. 
36 
MODEL 












52  595 
,57585 
mb2 575 





- 9 2 5 1 5  
,97505 
1.02495 
P F R T l l Q R b T I O N  ( U  AND V A R E  P E R T U R B A T I O N S   F R O *   U I N F  BUT NDRMALIZEO B Y  U R E F )  




- e 0 2 3 7 6  
e05270 
-003746 
0 6 0 0 5  
-I 0 4 6 3 1  
,06387 
- e 0 5 2 1 0  
,06534 
- e 0 5 5 8 3  




.0bO@2 -. 0 5 9 1  9 
-.05845 
- e 0 5 7 1 0  
05762 
,05372 
, 0 4 9 2 1  
-e05524 
0 4 4 2 2  
- e 0 5 2 8 6  
,03897 
- e 0 5 0 1 9  
, 0 3 3 3 1  
0 4 7 0 9  
02   730 







0 0 0 5 9  
- e 0 2 6 7 7  -. 0 0 6 5 0  
- e 0 2 0 9 9  
- .01289 -. 016R 5 
C P (   I N F )  
.I39752 
80539 
" 6 0 6 9 0  
, 1 4 1 6 1  
- e 9 1 7 9 3  
" 2 1 7 3 1  
- 1 9 8 2 3 6  
- e 3 4 1 7 3  
- e 8 9 8 6 0  
- e 3 7 2 9 0  
" 7 7 2 3 7  
- e 3 7 2 5 4  
" 6 4 4 7 9  
- e 3 5 2 4 7  -. 5 6 2 7 7  
- e 3 2 8 0 1  
- e  5 0 6 7 4  
- .44889 
- a 3 9 1 8 7  
" 3 0 5 2 1  
- e 2 7 0 8 7  
" 2 3 9 5 1  
-.21112 
- e 1 7 6 2 8  
- e  3 3 3 4  1 
- e 2 7 7 1 3  
-e23672 
- e 1 5 2 7 3  
-e19042 
- e 1 2 3 0 5  
- a 1 4 2 1 9  
- e 0 8 8 7 1  
- a 0 9 0 9 7  
-e04885 









- .53394 2 7  
a 4 5 6 6 1  2 8  
- .47880 
- e  0 0 9 0 7  
e45853   29  
,13419 
, 4 6 7 9 0   3 0  
1 7 7 6 3  
, 4 2 2 6 2   3 1  
e18510 
,36328  32 
1 8 1 6 4  
,30539  33  
1 7 0 7 9  
.15878 
.14  799 
1 3 1 9 8  
,26859   34  
,24377  35  
e21816   36  
, 1 9 2 8 1   3 7  
, 1 1 7 4 1  
, 1 6 6 5 0   3 8  
- 1 0 4 2 8  
,08794 
e07697 
,14067  39 
,12216 40 
- 1 0 0 8 2   4  
.Ob309 
e 0 7 8 2 6  42 
,05387  43 
,02743 4 4  
0 4 6 8 3  
1 0 2 7 6 0  
e00815 
-e00277   45  
-e00744 
- e 0 3 7 7 1   4 6  
"03308  
- e 0 9 2 2 8   4 7  
" 1 0 9 3 9  























e 8 0 0 1 0  
- e  47746 





- e l 1 6 2 2  
a02964 
- e o 1 0 1 2  
- e 0 3 2 4 4  
- e  0 7 5 0 9  
- e 0 4 3 8 3  
-. 0 2 0 7 9  
"04829  - 0 0 2 7 4  
-e06434 
~ 0 1 4 7 0  
- e 0 7 8 3 4  
,02715 
- e 0 9 0 6 8  
e03743 
- e 1 0 0 2 4  
e 04787 
- e  1 0 5 4 6  
,05367 
- e 1 1 3 6 4  
e06226 
-e12085 
- 0 7 0 3 7  
- e 1 2 7 3 6  
e 0 7 7 6 9  
- 0 1 3 2 7 4  
- 0 8 2 3 3  
- e 1 3 7 1 3  
- 0 8 4 4 0  
- 0 1 3 9 3 2  
e09337 
" 1 4 2 4 6  
e 1 1 6 2 0  -. 1 2 8 5 4  
,08315 
DELTA P H I  
-e00275 
e 0 2 0 4 9  
e 0 3 6 6 7  
- 0 5 1 1 5  





- 0 9 3 3 5  
e 0 9 7 1 1  
e 1 0 0 2  1 
e 1 0 2 8 4  
1 0 5 1 0  
1 0 6 9 8  
a 1 0 6 5 5  
e 1 0 9 8 6  
,11082 
e 1 1 1 0 6  
1 1 0 8 3  





1 9 2 9 6  
e10473 






- e 1 4 8 1 1  
-e15912 
- e l 7 5 9 0  
"19122  
- 0 2 0 5 0 5  
-e21507 
- 0 2 2 1 5 3  
- e 2 3 2 6 9  
- e  2 5 8 6 7  
- e 2 1 1 6 9  
V E L I I C I T I F S  DE, CENTFR LI14F. 
x v  
- .39093E+01 
- .34453E+01 
- . 3 0 5 3 4 € + 0 1  -. 2 7 1 7 6 E t 0 1  
- .24265E+01 
- . 2 1 7 1 A € + 0 1  -. 1 9 4 7 O f t O l  
- . 1 7 4 7 3 € + 0 1  
- a  1 5 6 H 5 E t 0 1  
- . 1 4 0 7 7 E + 0 1  
1 2 6 2 1 E t 0 1  
1 1 2 9 P € + O 1  
- .10090E+01 
-I 8 9 R 2 P E * 0 0  -. 7 9 6 4 0 E t 0 0  
- .70236E+00 
-.6152RE+00 -. 53443FtOO 
- .45914E+00 -. 3eaRFF+OO 
3 2 3 1 5 E t 0 0  -. 2 6 1 5 3 E t 0 0  
- e  2 0 3 6 5 E t 0 0  
1 4 9 1 7 E t 0 0  -. 97R00E-01 
- e  4 7 9 0 0 E - 0 1  
20000E-02 
.5 1 9 0 0 E - 0 1  
.1018CE+00 
1 5 1 7 O f  + O O  
.20160E+00 
. 2 5 1 5 0 E + 0 0  
. 3 0 1 4 0 € + 0 0  
3 5 1 3 0 E t 0 0  
. 4 0 1 2 0 E + 0 0  
.45110E+00 









7 1  4 0 2 E - 0 2  
.7@470E-02 
e6206F-02 
. 9 4 7 1 5 € - 0 2  
.10412F-01 
a 1 1 4 5 9 E - 0 1  
I 1 2 6 3 2 E - 0 1  
1 3 9 5 8 E - 0 1  
e15469E-01 
0 1 7 2 1 1 E - 0 1  
1 9 2 4 6 F - 0 1  
.21661E-01 
. 2 4 5 a 4 ~ - 0 1  
e 2 8 2 0 7 E - 0 1  









1 7 7 7 7 E t 0 0  
s 7 6 7 3 4 E - 0 1  
- . l l 6 Z Z E + 0 0  
.29644E-01 







e 1 4 7 0 3 E - 0 1  
- .7@336E-01 
.27149E-01  - .2912ZE-02 
xu 
- .36772E+01 -. 3 2 4 9 7 E t 0 1  -. 2 8 8 5 7 E t O l  
- .25722E+Ol  
- .22993E+01 
- .20595E+01 
- .1R472E+01 -. 1 6 5 8 0 E + 0 1  
- .14882E+01 
- .13349E+01 







- . 4 9 6 @ 0 € * 0 0  
- .42402E+00 
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